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ABSTRACT 

In an effort to investigate and understand the behavior of the injected cryogenic fluid md its environment, a high 
^reTsurfcteXr?s ^ into which pure N, He, and O, fluids are injected. Several chamber media are se e ted 
^ 1 isj Hp anrl mixtures of CO+N 2 The effects of chamber pressure ranging from a subcntical to a 

are phCograptolly obse^ed and documented near the mj^tor 

ho?e exit reeion using a CCD camera muminated by a short-duration back-lit strobe light. At low subcntiral 
J^mbei pressures the jets exhibit small surface irregularities that amplify downstream, lookmg mtact, shmy 
ta waXTsuSce which eventually break up into irregularly-shaped small entities. Further mcrease of 
S mbeVpresie S formation of many smaU droplets on the surfece of the jet ejectmg away only withm a 
^ • Kpiniir tbf> rritical nressure of the injected fluid similar to a second wmd-mduced jet breakup 
reSm^ Sin^^ the chamber pressure, transition into a full atomization regime is inhibited by reaching near, but 
slightly Ler dian, the criticS pressure of the injectant where both surface tension and heat ' 

sufficientlv reduced. The jet appearance changes abruptly at this pomt and remams the saine to resemble 
mrbulent «^as jet injection The jet initial growth rate, is extracted from a large set of images and plotted wi 
SaW^S on M fuel Ejection in diesel engine environment, turbulent incompressible, md vanable 
dinshv ietfand mix^e layers creating a unique plot on its own. The jet spreading rate measurements agree well 

for mcoVessible but variable density turbulent mixmg layers by 

Pavamoschou and Roshko [1] and follow the trend of that of Dimotakis s [2], thus quantitatively strengthenmg 
fhTrsdet this agreement, the inhibition of transition to atomization regime, md 

Z nolLstenc. of drops; the relevancy of current injection /^uld be 

vaporization/combustion results under conditions where gas-jet like appearance is observed shoul 

reexamined. n7n 
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INTRODUCTION L U U I U I U V W 1 

In desimis of chemical rocket engines liquid fuel and oxidizer^are injected througn holes tommg rounajets, 
coaSl^r improSa types, entering into the hot and elevated pressure environment of the combustion 
chamber Pro<?essively higher thrust chamber pressures are employed to achieve higher specific impulse and 
because of this trend and existence of high temperature in the combustor, mjected liquid may find itself near or 
"ve tlimodynamic critical condition. For example, the —on climber presm^^^^^ 

(Ariane 5) with liquid Hp/liquid 0, can reach up to 10 MPa while a record pressure of nearly -8 - MPa has been 
reported by others Very little information is available on liquid jets mjected mto supercritical con 11 . 

Sal to om ^ in initiating an organized and systematic experimental effort mvestigatmg liquid jets 

under sub- and supercritical conditions. 

Tliere are drastic changes in some important properties of a pare substance as it approaches ‘J*' 
critical point (CP). For”example, under thermodynamic equilibrium „f 

sas nhases disappears at and above the critical pomt and it is simply referred to as fluid Also, la „ = 

S" nSr the critical point. Ote properiies that change widely near “ 

conductivity mass diffiisivity, and surface tension. Indeed, constant-pressure specific heat becomes very 
Td sSe ®s?on vanisheTat the critical pomt. Also, as ambient pressure is raised the importance of the 
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U r mrreases and one should consider multicomponent phase equilibnum 

solubility of gases mto the liquid phase mere nitro<^en environment, the amount of nitrogen 

infoimation. For example, for a pure hydrocarbon p ^ addition, critical mixing temperature 

dissolved on the follows miess Otherwise made clear, the terns sub- and supercritical 

are referenced with respect to the crttical condttion of the pure substance 

used in jets and not the environment. 

There are a fevt worlcs on Itquid miection mto 

Mayer e, aL[5I. [6]. Ne^an and B^usto^sk, 6 “Lri^aS^MSSmes. rexperiments wtee CO, is 
mixtures of NrdCOt «'’f “ti* ^sS bu^^^^ tnittal CO, mass fraction at a fixed supercritical 
injected mto a mixture of CO 2 nnniecture nossibility of gasification and that at 

temperature but varying sub- to as a vLiable-density single-phase turbulent 

supercritical temperatures and presses ^ VI n ^il N i iet at 105 K into a N, environment at 300 K but at 
submerged gas ,e,. Mayer e, al 'Lns and odse™ drastic changes in die jet 

SeTemtdTo“S;i pressme. The i« d^-es^ ^ 'S 

no evraence Of droplets at 

supercritical combustion. 

EXPERIMENTAL SETUP 

Figure 1 shows schematic drawing of the 

'“eTSi'"rfcfrSg“of Slants through die mjector. The high pressure chamber is 
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Figure 1. Schematic diagram of experimental setup for sub- to supercritical jet injection. 

constructed with stainless steel to withaand pressures and f 

respectively. For optical diagnostics, there are prowsions f“^“^Ls of 120.7 mm x 12.7 
mm (5.25-) diameter and two facing UV-grade side-mounted a dewar as the 

mm ("4 75” X 0 50”) for laser in/out of the chamber. The cryogeni ^ tVimnaVi it The mass 

purpose of this cooler is to cool and/or liqurfy the mjectant passmg through it. The mass 
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flow rate of the injectant is //f Back-illmELted arrangement is used for initial 

valve. For more along with a model K2 Infmiv 

Visual charactenzation. A focus and manual iris are used to form images of the injected jets 

long-distance y^^esolution (768(H) x 493(V) pixels in 8 . 8 (H)x 6 . 6 (V) mm actual 

sensmg area) ^ i„ave arabber LG-3 from Scion Corporation installed m a dedicated 

M^h.tI^rcTrf;r& NIH 

software packa^for Macnit^Jh's system ^ I „ , 1 , 1 ^,,) ii^eter and a 254 

mS\o."e; of 2 »»)- >“g.h is before long enough to ensure 

fully-developed turbulent pipe flow at the exit. 

JET STRUCTURE 

. , • ,^f thp N iet iniected into N-> at a fixed supercritical chamber temperature but varying 

Figure 2 shows images of the Na jet mjectea inxo ^Us,mhpr nre-isure the iet is liquid-like with surface 

sub- to supercritical pressure. At the , annearance At Pr of 0.43 all instabilities are further 

instabilities “ ^ “ ^rc many Laco ligaments and drops are seen being ejected from 

ampMed until at the "« h^to p ^ ji^ension noticeably grows away 

rb:^: - s t:Ss“« s:, 

thread- or fmger-like entities . This in a sense, forms a mixmg layer me-* 

pressure decreases the length ana tne imuuicb Flmire 3 is the magnified images of the 

Ljection of a gaseous turbulent gas ,et mto a Sual fransWon from ' 

^d'doS'tel^ shiny twisted-shaped column turns into ^ 

critical point. 

JET SPREADING ANGLE 
Lookmga.nnages^one«^ 

spreadmg angle or its growth rate, there , ^ • pj„ 4 are the selection of the data sets and 

along with those of others are presented mFig.4. Of importance mHg^4 are 

tveS^'edtemTxSbSSdTettd^^^^ 

foe fa^m^slhmaTRoM^^^ Jlj\ToZ'^s:Me '^triable-density mixmg-^^^^^^ 

toa to approach those of liquid sprays generated by a high 4 . To build 

Sn^S^e r.- ;Se1:L:ust-us“ -fd He g. mto 
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the Ni chamber as well as cooled N 2 into He environment. Results are shown in Fig. 4 for a range of chamber 
pressures from 0.77 to 9.19 MPa. Although there is scatter in the data at various chamber pressures, it is 
interesting that the narrowing of the angle is seen as injection of the cooled N 2 into He is considered, consistent 
with the Brown and Roshko’s [8] data. The shift to lower density ratios seen in our data is because mjectants are 
cooled in our case. In summary, there is one clear conclusion, that for a range of density ratios m which our 
images show ^as-jet like appearance the experimental data agrees well with the proposed theoretical equation by 
Paplmoschou and Roshko [1] and follows the trend of Dimotakis’s equation. This can be taken as further ^d 
quantitative confirmation that at ambient supercritical pressure and temperature conditions (based ^on the 
iniectant values) the injected jets visually behave like a gas though technically it may be refened to as flui . 
There is marked disagreement between liquid sprays (at comparable length-to-diameter ratio of 85) md om data, 
see Ficr. 4, even though it appears going through initial phases of the atomization process, see Figs. -. Ihe 
disagreement is that although the jet studied here shows second wind-induced breakup features, it fails to reach 
full'atomization state as chamber pressure is raised due to decrease m both surface tension and heat 0 
vaporization. Transition into the full atomization region is therefore inhibited. A search for a universal curve to 
cover all the data in Fig. 4 is a challenging one. To date, no appropriate nondimensionalized parameters ^e 
found to collapse all spreading rate information on a single curve. Appropriateness of the surface tension for 
liquid jets and sprays and its irrelevance for gaseous jets are among the issues to be reconciled. 


SUMMARY AND CONCLUSIONS 

Structural transition and growth rate of jets injected into an environment at fixed supercntical temperature but 
varying sub- to supercritical pressure are analyzed. N 2 , O 2 , and He are injected into N 2 , He, and mixtures of 
CO+N 7 at different proportions. Increasing chamber pressure from a low subcntical value, the fluid m the jet 
appears to go through classical liquid jet breakup stages up to a second wind-induced breakup regime, fri tfrs 
re<jime one sees a divergent jet with ligaments and many droplets ejecting from the jet. Penetration mto the full 
atomization regime is inhibited near but before the critical pressure of the injectant because of the combined 
effects of lowered surface tension and heat of vaporization. At this point the jet assumes a gas-jet like 
appearance that remains up to the highest pressure tested here. Also, a unique and new plot is formed by 
converting all other types of spreading rates to the visual growth rate using most relevant works of others on 
variable density incompressible mixing layers, axisymmetric incompressible and compressible gas jets/mixmg 
layers, and liquid sprays, covering an ambient-to-injectant density ratio range of a 1000. Our measurements 
clearly follow a theoretical equation proposed by Papamoschou and Roshko [1] for an mcompressible but 
variable density turbulent mixing layers. This agreement for spreading angles starts at a pressure near but 
below the thermodynamic critical value of the injectant substance, quantitatively confirmmg gas-jet hke visual 
appearance observed in images of the jets for the first time. Therefore, (1) inability of droplet visual detection in 
the acquired images and their visual impression of a gaseous jet, ( 2 ) inhibition of transition mto the full 
atomization zone due to lowered surface tension tested by the available atomization critena, (j) rapid 
gasification due to vanishingly small heat of vaporization, and (4) agreement of the jet spreadmg rate 
experimental measurements with those of incompressible but variable densfty gas mixmg layers theory, all tend 
to strengthen the position that at near and above the critical point of the mjectant the jet exhibits gas-jet like 
behavior. Considering this, relevancy of current injection models and some drop vaponzation/combustion 
results under the conditions where gas-jet like behavior is detected should be reexamined. 
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Figure 2. Back-illuminated images of the nitrogen injected into chamber of nitrogen at a fixed supercritical 
temperature of 300 K but varying sub- to supercritical pressure. Injectant temperature: 99 to 120 K. 
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Figure 3. Magnified images of the jet at its outer boundary showing transition to the gas-jet like appearance 
starting at just below the critical pressure of the injectant. Images are at fixed supercritical chamber temperature 
of 300 K. Relative pressure: 0.9, 1.22, 2.71 fi-om left to right. 


Jet or Spray or Mixing Layer Divergence Angle vs Chamber-to-injectant Density Ratio 
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Figure 4. Shows spreading or growth rate as tangent of the visual spreading angle versus the chamber-to- 
injectant density ratio. (*) refers to data taken at AFRL. 
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